The racemic ligand (AE)-tris-(4-methylthiazolyl)cyclotriguaiacylene forms a homochiral crystalline Ag 12 L 8 cube with spontaneous resolution.
Metallo-cages, also referred to as coordination cages, are threedimensional, hollow architectures that often closely resemble Platonic or Archimedean solids. Investigation of their self-assembly, and applications as nano-scale host assemblies is a highly active area. 1 One approach to a cube assembly is linking together eight corner units in an orthogonal manner. Most examples of such edge-directed coordination cage cubes have been M 8 L 12 cages where the metal supplies the corner piece. 2 An alternative design is a M 12 L 8 assembly where the metal represents the cube edge and the corner piece is a ligand, though examples are much rarer. 3 Cyclotriveratrylene (CTV) and its analogues have a bowl-shape tribenzo[a,d,g]-cyclononatriene core with the arene faces approximately orthogonal to one another which suggests that CTV-type ligands would be an ideal corner piece for an edge-directed cage. Indeed this concept has been demonstrated by Warmuth who reported an assembly where eight aldehyde-functionalised cyclotriguaiacylene (CTG) analogues were linked into a cube through reversible imine bond formation with twelve diaminobenzene units. 4 Despite this organic precedent, directly analogous metallosupramolecular examples with CTV or CTG-type ligands are not known. These ligand types do form an array of metallo-cages, [5] [6] [7] [8] but the closest examples to a cube are M 6 L 8 stella octangula structures of octahedral symmetry, 7 and a topologically complex self-entangled Pd 4 L 4 cube. 8 Likewise building tectons based on a conformationally-locked tribenzotriquinacene-core (akin to a bridge-head CTV) can be assembled into cube structures, 9 but the only 3D metallo-cage examples of these ligands are M 3 L 2 assemblies with trigonal bipyramidal shape. 10 We report here the first example of a M 12 L 8 cube assembled from a CTG-type ligand, noting CTG-ligands are chiral and this cube displays both chiral self-sorting in its assembly and in its crystallisation into two conglomerate clathrate complexes.
The racemic ligand (AE)-tris-(4-methylthiazolyl)cyclotriguaiacylene L was synthesised in 80% yield through reaction of 4-(chloromethyl)thiazole hydrochloride with cyclotriguaiacylene in the presence of base, Scheme 1. The 1 H NMR spectrum is characteristic of the C 3 -symmetric bowl-shaped cavitand with the bridging endo and exo methylene protons of the tribenzo[a,d,g]cyclononatriene core appearing as doublets at 4.71 and 3.49 ppm respectively. The structures of two clathrate complexes of L, namely LÁ4(H 2 O) and LÁ3(CH 3 NO 2 ), were determined by single crystal X-ray techniques. ‡ Each complex crystallises in a chiral trigonal/hexagonal space group with an asymmetric unit composed of solvent molecules and one third of an L ligand, with the ligand having crystallographic three-fold symmetry. For both complexes, the thiazole-methyl groups of the ligand extending outwards in-plane with the CTG-arene faces, at C thiazole -CH 2 -O-C aryl torsion angle ca. 1791, however the rotation of the thiazole is distinct for the two complexes, Fig. 1 .
In LÁ4(H 2 O) there are two types of water molecules with one sited on a three-fold rotation axis. A network of hydrogen bonds forms between the thiazole groups and waters of crystallisation ( Fig. 1a ) such that a tetrameric cluster of water molecules connects to three L ligands, and vice versa to form a 2D network with 6 3 topology. In the overall lattice layers of networks pack in an ABAB arrangement with a rotated bowl-in-bowl stacking of the cavitand ligands (see ESI †).
Bowl-in-bowl stacking of ligands also occurs in complex LÁ3(CH 3 NO 2 ), however here the ligands are perfectly aligned with a separation of 4.4 Å, Fig. 1b . The CH 3 NO 2 guest molecules occupy lattice positions within the structure. Both clathrate complexes exhibit spontaneous resolution as all L ligands within each structure are the same enantiomer. Spontaneous resolution on crystallisation is known as conglomerate formation.
Vapour axis and the other, disordered and with low occupancy, sited on a 4-fold axis. § As for the ligand structures, ligand L in 1 has crystallographic 3-fold symmetry, however with a quite different conformation where the thiazole-methyl groups are folded inwards above the cavitand bowl, at C thiazole -CH 2 -O-C aryl torsion angle À83.61. As expected for a thiazole, only the nitrogen heterocyclic atoms act as donors to the metal, with each thiazole binding to a separate Ag(I) cation. The Ag(I) cations have near linear coordination to thiazole groups of two L ligands at Ag-N distance 2.151 (15) Å and N-Ag-N angle 175.9(8)1. Each L1 ligand thus bridges between three metals and each metal links two L1 ligands. These linkages result in a discrete [Ag 12 L 8 ] 12+ cubic cage with the L1 ligands at the corners, Fig. 2a . The Ag(I) cations are located at the internal rather than external edge of the cube due to the conformation adopted by the thiazole-methyl groups. The S-heteroatoms of each thiazole moiety are located at the faces of the cube, and the space-filling view, Fig. 2b , shows small windows into the cubes which are bounded by these S atoms (SÁ Á ÁS distances across diagonal of window is ca. 6 Å). Space-filling also shows that Ag(I) centres are well within the cube, and thus protected from additional coordination exo to the cage. The Ag(I) cations are arranged in a cuboctahedron with AgÁ Á ÁAg separation of 8.71 Å. The overall size of the cube is ca. 27 Å across the body diagonal measured between centres of the -(CH 2 ) 3 -cavitand ligands.
The eight L ligands within each [Ag 12 L 8 ] 12+ cube are the same ligand enantiomer, hence the cube displays homochiral recognition or chiral self-sorting. Homochiral self-sorting of a racemic mixture of enantiomeric ligands during metal-directed self-assembly processes has been previously reported, both for helicate systems, 11 and also for cage-like assemblies, [6] [7] [8] 12 including with CTG-type ligands. [6] [7] [8] Complex 1 displays a further level of spontaneous chiral resolution as it crystallises as a conglomerate where each crystal of 1 contains only one enantiomer of the chiral [Ag 12 L 8 ] 12+ cube. The bulk sample contains crystals of both enantiomers, and coincidentally the selected crystal studied for the isostructural complex 2 was of the opposite enantiomer to that selected for 1 (see ESI †). Spontaneous resolution is not common for metallo-supramolecular systems. Resolution of metallo-supramolecular species with achiral ligands and helical chirality at the metal has been reported for a M 3 L 3 helicate 13 and recently Rissanen and co-workers reported the first example for a 3D metal-linked coordination cage. 14 A handful of examples have been reported for simpler CTG-type systems, namely a metalled hemi-cryptophane, 15 a CTG-type coordination polymer, 16 a trinuclear Re(I) 3 L complex 17 as well as organic cage cryptophanes. 18 There are extensive p-p stacking interactions between [Ag 12 (L) 8 ] 12+ cubes in the crystal lattice, with each arene of the tribenzo[a,d,g]-cyclononatriene ligand core forming a face-to-face interaction at centroid separation 3.81 Å. The cubes form a cubic close packed array, Fig. 2c , with p-stacking along the cube edges such that each cube interacts with twelve others. There are two crystallographically distinct ReO 4 À positions in the crystal lattice of complex 1, one is fully occupied on a 3-fold axis and is external to the [Ag 12 L 8 ] 12+ cube, whilst the other has less than full occupancy, and is located on a 4-fold axis (hence is symmetry-disordered) and located inside the cube, aligned with the facial windows. The very high symmetry of the structure is reflected in the Russian Doll arrangement of prisms that can be identified, with the internal ReO 4 À anions forming an octahedron which is internal to the cuboctahedron of Ag(I) sites, itself part of the [Ag 12 L 8 ] 12+ cube, which is surrounded by a rhombicuboctahedron of external ReO 4 À anions, Fig. 3 and Fig. S19 (ESI †).
Thermogravimetric analysis of complexes 1 and 2 showed a gradual weight loss to ca. 190-200 1C of ca. 7-10% for 1 and 2 respectively (see ESI †), consistent with the loss of approximately 10 DMF solvent molecules from inside the [Ag 12 L 8 ] 12+ cubes from 1 and 12 DMF molecules from 2 which are solvation levels easily accommodated within the cube, with an estimated internal volume of ca. 5000 Å 3 (excluding anions) using a 1.2 Å probe. 19 Crystals of the cube can be re-dissolved in coordinating solvents such as DMSO but this leads to disassociation of the complex. The 1 H NMR spectrum of L and AgBF 4 in d 7 -DMF was very broad (see Fig. S9 , ESI †), and ESI-MS of a DMF solution of complex 1 showed only m/z peaks corresponding to [AgL] + and [AgL 2 ] + species (Fig. S10, ESI †) .
In summary, the racemic ligand (AE)-tris-(4-methylthiazolyl)cyclotriguaiacylene crystallises in a chiral fashion as a hydrate, and Ag(I) complexes of the same ligand form a Ag 12 L 8 cube structure that shows dual levels of chiral sorting, with both chiral self-sorting of the cubes and spontaneous resolution of the chiral cubes on crystallisation for both ReO 4 À and BF 4 À salts.
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